Abstract. Male Great Bowerbirds Chlamydera nuchalis build a bower and pile decorations around it for courtship display. We tested the e#ect of the bower structure and amounts of decorations on the mating success of owner males in a population of C. n. nuchalis near Darwin, Northern Territory, Australia. We collected data on measurements of bowers and mating success of individual owner males for 16 and 14 bowers in 2005 and 2006, respectively. We used five variables (avenue length, avenue width, wall thickness, bower height and degree of asymmetry) corresponding to the bower structure, and two variables (coverage (%) of green decorations and that of all decorations) corresponding to amounts of decorations as explanatory variables. An analysis of the generalized linear mixed model and model selection revealed that avenue length and wall thickness a#ected mating success positively, and that of avenue width, negatively. Avenue length and wall thickness correspond to the size of the bower, which suggests that a larger bower provides females with better protection from a vigorous male's display. A long and narrow avenue may provide a refuge for females from the harassment by an owner male. No variables corresponding to decorations were important for the mating success.
Introduction
Bowerbirds (Ptilonorhynchidae) are endemic to Australia and New Guinea and comprise twenty species distributed within eight genera (Frith & Frith 2004) . The male bowerbird builds a structure called "bower" on the ground, the exclusive function of which is to attract mates in courtship. The bower is composed of twigs and grass stems and is surrounded by mounds containing various kinds of decorations. A female bowerbird distributed in northern Australia and is comprised of two races, a western race C. n. nuchalis and an eastern race C. n. orientalis. This species is the largest member of the Ptilonorynchidae and is sexually monomorphic, having grey plumage with a lilac crest (Frith & Frith 2004) . The large crest of the adult male is utilised in an open crest courtship display. The male bowerbird builds a bower for his courtship display and collects many decorations that he places in or near the bower. Decorations include many natural materials, such as snail shells, bones, green fruits and green leaves, but also include human-made materials like glass and metal (Frith & Frith 2004 ). There have been only a few anecdotal studies describing the bower structure and display for the Great Bowerbird (Warham1957, 1962 , Hore-Lacy 1962 , Cha#er 1984 , Borgia 1995a , Frith et al. 1996 , Doerr 2009 , and no studies examining the relationship between the characteristics of the bower and mating success in this species.
In this study, we investigated the e#ect of the bower structure and amount of decorations on the mating success of male Great Bowerbirds. We analyzed the e#ects of the bower and decorations on the mating success and clarify the mechanism of the female in choosing a preferred mate.
Methods

Study area
The research was conducted at Coomalie Farm (13ῌ0ῌS, 131ῌ8ῌE; 20 km 2 ; 50 m a.s. l), 85 km south of Darwin, Northern Territory, Australia. The dominant vegetation type was tall savannah woodland comprising various Eucalyptus, Corymbia, Terminalia, Brachychiton, Erythrophleum and Pandanus species, with an understorey dominated by Acacia, Cycas, Calytrix and Pandanus, and tall annual spear grass Sarga spp. and perennials such as Heteropogon contortus. In the eastern part of the study area, a flood plain was covered with Melaleuca viridiflora and dwarf grasses. The climate is tropical monsoon with a distinct alternation of the dry season (May to October) and wet season (November to April). The annual mean temperature is 31.9ῌC, the highest monthly mean temperature being 33.2ῌC (November) and the lowest 19.3ῌC (July). The highest mean monthly precipitation is 425.8 mm (January) and lowest 1.2 mm (June) (Commonwealth of Australia, Bureau of Meteorology). Fires occur annually during the dry season, burning o# the grasses.
Searching for bowers
This study is a part of a project researching the bower building behaviour of the Great Bowerbird conducted from 2004 to 2008 in this study area. We conducted a preliminary study in 2004 and the main research from August to December 2005 and from July to November 2006. During the study periods, we searched for bowers throughout the study area and recorded the location with GPS (GARMIN, e-Trex Vista AP). As male bowerbirds build a new bower near the site of the previous year's old ones, or even decide to build new bowers later in the same breeding season, one active bower was usually accompanied by several old bowers within about five meters. We call the place where both the active bower and the old bowers were located as the "bower site". From tape recordings played back on a TV monitor, we recorded observation time, identity of visiting individuals, visiting time, departing time, behaviours of individuals and mating success.
Measurement of bower
We measured the size of 16 bowers in 2005 and 19 bowers in 2006. Burnt or incomplete bowers were excluded. Measurements were conducted three times; 5 to 26 August, 9 to 20 October, and 26 November to 2 December in 2005; 7 to 15 August, 30 September to 4 October, and 7 to 14 November in 2006. The procedure of measurements was as follows; avenue length, avenue width, entrance width, bower height, widths of two walls, and whole bower width. We measured the avenue width at the centre of the avenue, and the entrance width for both entrances.
Measurements of the area covered by decorations
In 2005 and 2006, we measured the coverage (%) of major decorations (green, grey and white) in a 60 cm῍60 cm square set at both sides of a bower. We set standard marks with nails at four corners of an imaginary square covering either of two platforms of a bower (Fig. 1) . We took a photograph from just above the platform with a digital camera, at the same time of the bower measurements. On a PC monitor, we measured the coverage (%) of materials of each colour in both 60 cm x 60 cm squares with Photoshop-Elements 4.0 (Adobe Systems).
Molecular sex determination
Sex determination was conducted at Kyushu University in 2005 and at the National Museum of Sciences in 2006, respectively. Due to the di#erent environments of these institutes, we used di#erent methods. For 62 blood samples collected in 2005, we conducted the sex determination following a method of Gri$ths et al. (1998) , using PCR amplifying of two homologous genes (CHD-W and CHD-Z). For 37 samples collected in 2006, sexes were analyzed by a molecular method designed by Ellegren (1996) , with a primer set, 2945F and 3224R, amplifying a 630 bp fragment from the Z chromosome by polymerase chain reactions (PCRs) and another set, 2945F and cfR, amplifying a 210 bp fragment from the W chromosome.
Statistical analysis
The peak time of copulation was di#erent between both years; namely October in 2005, and August in 2006. In 2005, we therefore used data collected in October for the bower measurement and those collected in September and October for that of mating success. In 2006, a large fire occurred on 12 August. At four bowers, the fire burnt grasses around them. Although the fire was presumed to a#ect the mating success, there was no significant di#erence between owners of these four bowers and those with bowers the fire did not reach (U 4, 10 ῍8, p῍0.101, Mann-Whitney U-test). Hence, we conducted the analysis using all data collected in July and August. We therefore analysed data for 16 and 14 bowers in 2005 and 2006, respectively. We tested the e#ects of each factor on the mating success with generalized linear mixed models (GLMMs) and made a model selection approach. We used R statistics: the function glmer in the "lme4" package (http://cran.r-project.org/) for the GLMMs and the function dredge in the "MuMIn" (http://r-forge.r-project.org/R/?group_id῍346) for the model selection.
The mean and standard deviation of each measurement is shown in Table 1 . Among these measurements, we chose five variables corresponding to the bower structure (avenue length, avenue width, bower height, wall thickness and degree of asymmetry), and two variables corresponding to coverage of decorations (green and all colours) as explanatory variables. These variables are shown in Table 2 . Wall thickness is a mean value of the two walls. The degree of asymmetry is an absolute value of di#erence of thickness between two walls divided by the mean of wall thickness. Usually both grey and white materials were spread around a bower. Thus, we regarded these materials as a canvas (Endler et al. 2005) . Other materials such as pieces of green glass and fruits were put on the canvas of grey and white decorations. We represent the total amount of decorations by the whole area of all decorations, and the specific e#ect of green materials by an area covered with ῌ Because there were only small di#erences in both the platform size and amount of decorations between two platforms at most bowers, we could not determine which entrance and platform were important for a bower owner. Therefore, we averaged data separately for northern half and southern one for amounts of decorations and entrance width, and for eastern wall and western one for wall thickness.
green decorations, using the larger of the values between two sides. There were no significant correlations among these variables. The number of copulations in relation to observation time was used as a dependent variable, incorporating a log link function to achieve a Poisson distribution of data. We used bower ID as a random factor and year as a fixed e#ect. In the model selection method, we ran all combinations of variables and calculated the AICc value for each model. As the sample size is small with respect to the number of estimated parameters (e. g. n/Kῌ40, where n is sample size, and K is the number of estimated parameters), we used AICc rather than AIC (see Burnham & Anderson 2002) . We accepted the models in which AICc di#erences (D i ) were less than 2 from the best model. Akaike weight (W i ) comparatively evaluates which model is the best among the models evaluated. Relative variable importance (w i ) is obtained by summarizing the Akaike weights of all the models that contained concerned variables, and shows the relative importance of a given variable in the model set (Burnham & Anderson 2002 , Johnson & Omland 2004 . Table 3 . Eight models were within a range of D i ῌ2 from the best model. Among variables corresponding to the bower structure, avenue length, avenue width and wall thickness had important e#ects on the mating success. They were entered into more than four models of small AICc and had high scores of relative variable importance (Table 3) . Avenue length and wall thickness a#ected the mating success positively, and avenue width negatively. This suggests that a bower having large walls and a narrow avenue was preferred by females (Table 3, Figs. 2ῌ4) .
Results
Results of model selection are shown in
Among decorations, white and grey outnumbered other colours and green was third ( Table 1) . As noted earlier, white and grey played a role of the canvas, and therefore green may be a sexual signal. However, no variables corresponding to decorations were incorporated into any models (Table 3) , which suggests that amounts of decorations did not a#ect the mating success. 
Discussion
Bower structure Borgia & Mueller (1992) demonstrated that, in the Spotted Bowerbird, the symmetry of the bower and size of straw used as wall materials were significantly correlated with mating success. Also in the Satin Bowerbird, the quality of the bower, evaluated from the symmetry of the bower, density of walls and twig size, correlated with mating success (Borgia 1985b ). These facts suggested that the symmetry of the bower is important for female mate choice. However, in the present study of the Great Bowerbird, the degree of asymmetry was not an important variable in influencing mating success, and instead, both bower size and narrowness of the avenue were important cues for female mate choice. Because Okida et al. (2010) did not detect a significant correlation between the bower size and male body size in this species, it is unlikely that the bower size is a marker of the quality of males. Borgia (1995c) hypothesised that the original function of a bower is to provide an easy means of escape and, thereby, protect females from forced copulation. In the Spotted Bowerbird, its bower structure is di#erent from other avenue-building species in having a wide avenue and see-through walls. Borgia (1995a) attributed such a unique bower structure to the vigorous and fierce display of this species. In this species, the male performs the display at the front of either wall, and the female remains in the bower watching through the wall made of straws. The male repeatedly runs toward the wall, but the wall provides the female with a shield to allow her to watch the male's display with a reduced threat (Borgia 1995a) . The convergence of aggressive and courtship displays is also seen among Chlamydera species, and again in these species, bowers have features that may provide females with some protection from intense courtship displays (Borgia & Coleman 2000) .
The thick walls and long avenues in the bower of the Great Bowerbird may provide a female with a safe place from where she can watch the male's display. Upon entering a bower, a visiting female is protected by two walls. When the female is in the bower, a male performs two di#erent courting displays, "central display" and "peripheral display" (Warham 1957 (Warham , 1962 , and see Frith & Frith (2004) ). The central display, performed at the entrance of the bower, includes the male repeatedly bobbing his head, and repeatedly picking up and dropping a decoration with his beak. In the peripheral display, the male actively hops and walks along the outside of the bower. During this display, he often walks in a forward-bent posture, with the crest opened and wings stretched horizontally. When excited, such hop-and-walk movements often become more pronounced. A forward-bent posture and hop-and-walk movements were also seen as a threat display against other males in the gathering site (personal observation). Therefore, the behavioural display also has an aspect of threat, as seen in other bowerbird species (Borgia & Coleman 2000 , Frith & Frith 2004 . We often saw a female in the avenue startled by male's display (personal observation). In the Satin Bowerbird, females are often startled by male's display, which causes them to leave the bower in the midst of displaying and without mating (Patricelli et al. 2002) . Therefore, a female needs a refuge from where she can watch a male's display safely.
In the Great Bowerbird, the avenue is small and with a low roof (Table 1) . When a female is in the avenue, her body is almost touching the inside of both walls and a low roof makes it di$cult for a male to mount the female unless she crouches down. When the female decides mate with a displaying male, she remains in the bower and adopts a crouching posture (personal observation). The male then approaches her from the rear side and then mounts. Thus, a narrow and long avenue may protect the female from the harassment by a male and enables her to choose a male.
Male Great Bowerbirds utter a distinct call during the display and the uttering rate of a particular call also a#ected the mating success (Okida et al. 2010) . A bower with thick walls and a narrow and long avenue also enables a female to remain for a longer time to assess the quality of a male's voice without the male's harassment.
Decorations
It seems that female Great Bowerbirds used the quality of the bower rather than number or nature of decorations as a cue to their choosing of the males. If this is true, what role, if any, do decorations play?
The main decorations were snail shells and grey stones. In total, more than one hundred shells were piled at each bower, and for some bowers this number increased to over 300 shells (personal observation). These materials were spread on both sides of a bower, which makes it very conspicuous to the eye, which suggests an advertisement to females to indicate the location of the bower in tandem with the vocal element of the loud and harsh churring by the male (Frith & Frith 2004, personal observation) . As materials of colours other than white and grey were usually placed on the white and grey canvas, widely spread white and grey materials may emphasize other colours.
In the Spotted Bowerbird, the amount of green fruits of Solanum correlate positively with mating success (Madden 2003a (Madden , 2003b . In this study, green materials did not have an important e#ect on mating success in the Great Bowerbird. In our population, however, observational and experimental studies showed that only non-white or grey materials accepted as decorations were green (glass pieces and Cycas fruits) (this study and Y. Katsuno unpublished data). Therefore, green materials could be an important component in the bower building behaviour of this species. In the Spotted Bowerbird, Solanum fruits were mainly placed on the avenue (Madden 2003a (Madden , 2003b , whereas in the current study the Great Bowerbird placed green materials at the entrance (Fig. 1) and, occasionally, on the centre of the avenue. During the central display, the male picks up a piece of green glass or green fruits from a pile of green decorations at the entrance and bobs the head showing his enlarged crest vigorously (Okida et al. 2010) . Green materials contrast with the lavender-coloured crest and may play a role as an important tool for the behavioural display. Therefore, it is of no use for the Great Bowerbird to only place many green materials around a bower.
Another hypothesis is that as both bower building and decoration collecting are energetically costly, females may possibly use the bower size and amounts of decorations as a cue to evaluate the quality of males. In the Great Bowerbird, however, new bowers were built even within the same breeding season and these were completed in seven to ten days (personal observation). Because materials such as twigs are not a limiting resource, it appears that bower building is not so costly. Moreover, as noted earlier, there is no significant correlation between the bower size and male body size (Okida et al. 2010) , which suggests that bower size is not a cue for the quality of males.
In both the Satin Bowerbird and Spotted Bowerbird, amounts of a particular decoration a#ect the mating success (Borgia 1985b , Madden 2003a , 2003b . In the Satin Bowerbird, decoration stealing is frequent and depresses the owner's mating success (Borgia 1985a) . In contrast, stealing is rare in the Spotted Bowerbird (Borgia & Mueller 1992) . Madden & Balmford (2004) showed that male Spotted Bowerbirds did not prefer rare or costly materials as a main decoration. In our study area, snail shells are not easily available, and snail shell stealing is prevalent (personal observation). These facts suggest that snail shells are a costly decoration for the Great Bowerbird. In our population, most bower sites were continuously used among years and were inherited among males. New bowers were built within about five meters from previous bowers every year. Most decorations at previous bowers were transported to new bowers (personal observation). Hence, it is not so costly to collect decorations. Reuse of decorations was also seen in the eastern race of this species (Doerr 2009 ).
White decorations did not a#ect the mating success. Green materials mainly comprised pieces of green glass and Cycas fruits. These materials are mutually compatible. Many pieces of glass were gathered at a bower near a rubbish yard, whereas Cycas was a main item chosen where human-made materials were not available (personal observation). Therefore, it is unlikely that both bower size and amounts of decorations themselves are cues to evaluate the quality of males due to its rarity or cost.
Multiple components of display
In this study, we showed that the bower and decorations of the Great Bowerbird were di#erent components of a male's display to attract females and enhance the mating success. Moreover, Okida et al. (2010) showed a significant e#ect of vocalisation during the display on the mating success in this species. Recent studies on the bower display showed that various characteristics of display a#ected the male mating success, including the quality of the bower structure (Borgia 1985b) , decorations (Borgia 1985b , Madden 2003a , 2003b ), male's painting behaviour , vocal mimicry (Lo#redo & Borgia 1986 , Coleman et al. 2007 , and intensity of behavioural display (Patricelli et al. 2002 , Coleman et al. 2004 . Thus, the bower display is composed of multiple sexual signals. However, whether individual signals have di#erent functions or convey the same message as redundant signals is still under debate (Coleman et al. 2004 , Bravery & Goldizen 2007 .
There also are inter-population variations in the sexual signals, and these greatly a#ect the male mating success. For example, in the Satin Bowerbird, Robson et al. (2005) showed that painting behaviour was the most important display a#ecting mating success in their study population, while in a di#erent population, Borgia (1985b) attached much importance to the quality of the bower structure as a cue. Madden (2003b Madden ( , 2006 also suggested there to be a distinct geographical variation in females' preference of decorations in this species. Likewise, although the Great Bowerbird utilized green materials in our study, populations in Queensland used red decorations (Cha#er 1984 , Frith & Frith 2004 , Endler & Day 2006 , Doerr 2009 ), while red materials were seldom collected and owners removed artificially supplied red materials from a bower in a population near Darwin (Y. Katsuno unpublished data). Thus, the context of female mate choice in the Great Bowerbird may vary among populations. Further experimental research is needed to clarify whether such inter-population variation is based on the adaptation to local ecological factors or to cultural variation, as suggested by Madden (2008 
